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Mechanisms of virus uncoating
Abstract
In a virus particle, the genome is highly condensed and protected by proteins and membrane bilayers.
Before it can be replicated in a new host cell, uncoating must take place. Recent studies on enveloped
and nonenveloped animal viruses indicate that uncoating occurs through complex, multistep processes
triggered by virus-host-cell interactions.
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Mechanisms of virus uncoating 
Urs F. Greber, Ila Singh and Ari Helenius 
V iruses are made up of nucleic acids, proteins and often lipids. The 
proteins provide a hierarchical 
network of specific, non- 
covalent interactions that 
allow efficient assembly of 
the particle in the cytosol or 
nucleus of the host cell, and 
stabilize the virion against 
stress during the extracellular 
stage of the replication cycle. 
The RNA or DNA genome is 
generally packaged with pro- 
teins into a compact structure, 
In a virus particle, the genome is highly 
condensed and protected by proteins and 
membrane bilayers. Before it can be 
replicated in a new host cell, uncoating 
must take place. Recent studies on 
enveloped and nonenveloped animal 
viruses indicate that uncoating occurs 
through complex, multistep processes 
triggered by virus-host-cell interactions. 
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specific sites along the entry 
pathway may lead to a step- 
wise shedding of capsid pro- 
teins and, at the same time, 
help the incoming virus to 
overcome the various cellular 
barriers on its way to the site 
of replication. 
(2) The virus itself may 
remain unchanged between the 
moment of release and entry 
into a new cell, but the cells 
may be different. For example, 
a cellular uncoating factor 
could be present in an unin- 
the capsid, which may be covered by additional layers 
of protein or membrane. 
Before the genome of the incoming virus can be 
replicated in a new host cell, it has to undergo un- 
coating. Most of the interactions established during 
virus assembly must be reversed, and the particle has 
to be dismantled. How does uncoating occur, and 
what triggers it? Does uncoating simply represent a 
reversal of the assembly process? Does it involve 
degradation of structural components? Does it take 
place at specific intracellular sites? To what extent are 
cellular factors involved? In this short review, we dis- 
cuss emerging concepts in the uncoating of animal 
viruses, focusing on a few well-studied virus families. 
For more detailed accounts of specific viruses, see earlier 
reviews on uncoatingl-s. 
General solutions to the uncoating paradox 
A virus capsid is assembled as a stable structure in the 
cytosol or nucleus of an infected cell. Moments after 
infecting a new cell, on reaching the cytosol or 
nucleus, it uncoats and releases the packaged genome. 
To explain this dramatic change in capsid stability on 
transfer between two homologous environments, three 
general possibilities can be considered. 
(1) The virus particles may be structurally modified 
after they leave their host cell, and thereby ‘primed’ 
for disassembly when entering the cytosol of a new 
cell. This principle is probably the most common one, 
as illustrated by adenovirus and influenza virus (see 
below). The signals that cause the changes may in- 
clude binding of the virus to its surface receptor(s) or 
exposure of the incoming virus to low pH in the 
endosomes. Reducing conditions, low calcium concen- 
trations and interactions with cytosolic receptor mol- 
ecules may also provide cues for uncoating. Studies 
with adenovirus, rhinovirus, influenza virus and reo- 
virus indicate that several, sequential signals may be 
needed for a virus to go through the entire uncoat- 
ing program6-lo. Such sequential signals received at 
fected cell, but become inactivated during the course 
of an infection, thus allowing virus assembly at later 
stages of the replication cycle. Such a mechanism 
seems, at least in part, to be responsible for uncoating 
of alphaviruses’. 
(3) Assembly and disassembly may be spatially 
separated. In other words, while exiting from an 
infected cell, a virus may pass through a different set 
of compartments from that encountered by incoming 
viruses, thus circumventing conditions that would 
cause dissociation. It remains to be demonstrated 
whether this applies to any viruses. 
Role of receptor binding in uncoating 
The first contact between a virus and its host occurs 
via cell-surface receptors. These are usually glyco- 
proteins with functions unrelated to their role in virus 
entry (for review, see Ref. 11). In a few cases, there is 
good evidence that receptor attachment can cause 
changes in virus particles that result in, or contribute 
to, penetration and uncoating. 
Binding of the picornaviruses poliovirus and rhino- 
virus to their immunoglobulin-related surface recep- 
tors induces conformational changes in the capsids that 
are essential for infection (for review, see Ref. 12). 
A domain of the receptor binds into canyon-like 
depressions on the virus surface, and induces exposure 
of the amino termini of the capsid proteins VP1 and 
VP4, as well as the subsequent dissociation of VP4 
(Refs 13-15). The conformational change is essential 
for infection. It can be blocked with inhibitors that 
attach to the bottom of the canyon (for review, see 
Ref. 16). 
Interaction with the receptor causes a change in the 
overall physical properties of the picornavirus particle, 
which undergoes a so-called ‘eclipse’. This results in 
reduced stability and increased affinity for membranes, 
and makes the particle competent to penetrate and 
uncoat. The modified particle, as it is hydrophobic, 
probably embeds itself in the plasma or endosomal 
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Fig. 1. Entry and uncoating of adenovirus 2. Adenovirus 2 (inset) first binds to a primary fiber receptor at the cell surfacelg. By a 
cytoskeleton-dependent rearrangement, the particle then localizes to coated pits on the cell surface and the penton-base protein 
engages a secondary receptor, the fibronectin/vitronectin-binding integrin (step 1)20. The fibers are dissociated and the particles 
internalized via coated vesicles (step 2)8.48. Shortly after internalization, acidic pH triggers virus penetration and the release of the 
endosomal content into the cytoplasm (step 3) (for review, see Ref. 25). The penton base dissociates from the particle and inter- 
actions between the viral chromatin and the capsid are dissociated’. Other capsid-stabilizing proteins are degraded. The virus 
associates with the nuclear pore complex (step 4), where the capsid is disassembled (step 5) and the DNA and a small fraction of 
hexon protein imported into the nucleus (step 6). 
membrane, and releases its RNA through the mem- Endosomal pH as an uncoating signal 
brane into the cytosol. Membrane penetration and 
RNA uncoating are probably intimately connected 
events. 
The shedding of VP4 from poliovirus particles 
can be induced with isolated membranes or purified 
receptors in ~&ro”~~*. The viral RNA, however, 
can only be released with high salt or sodium 
dodecyl sulfate, or by interaction with whole cells, 
indicating that free receptors are not sufficient to 
induce the complete uncoating process. Similarly, in 
the case of rhinoviruses, interaction with receptors 
only triggers a partial conformational change: ex- 
posure to low pH is also needed to trigger additional 
changes in the particle necessary for cell entry and 
infection6J0. 
Adenovirus 2 has been shown to undergo an initial 
uncoating event immediately after association with 
the cell surface. It needs two receptors to enter cells; 
one interacts with the fibers on its surface and another 
with the penton-base proteins19,20. Soon after the pen- 
ton binds to an integrin receptor, the fibers are released 
from the virus particle* (see Fig. 1). Structural changes 
have also been well documented for enveloped viruses, 
such as human immunodeficiency virus type 1 (HIV-l) 
and Sindbis virus2’ (for review, see Ref. 22). HIV-1 
binding to CD4 causes the gp120 subunit to be lost, 
and may expose the fusion-active, membrane-bound 
subunit, gp41. 
Viruses penetrate the cytosol either directly through 
the plasma membrane or, after endocytosis, through 
the limiting membrane of endosomes. The low endo- 
somal pH has long been known to trigger penetration 
of many enveloped viruses, such as orthomyxoviruses, 
togaviruses, rhabdoviruses and bunyaviruses (for 
review, see Ref. 23). The low pH induces confor- 
mational changes in the fusion proteins present in the 
viral membranes, which activates their intrinsic fusion 
activity (see Fig. 2). Since enveloped viruses shed their 
lipid envelope in the process, fusion can be considered 
to be the first uncoating event. However, the term is 
generally reserved for the dismantling of the capsid 
and release of the genome. 
The endosomal pH has also been implicated as a 
trigger in the penetration and disassembly of several 
nonenveloped viruses, including adenoviruses, reo- 
viruses and rhinoviruses6,24,2s. Adenovirus is known 
to have an acid-activated, membrane-lytic activity. 
When the pH is lower than 6.5, adenovirus particles 
become increasingly hydrophobic and bind to mem- 
branes (for review, see Ref. 25). Endosomes are 
efficiently lysed by the incoming virus particles, which 
escape into the cytosol. The lysis is thought to be 
mediated by either of two capsid components, the 
hexons or the penton-base proteins*,25,26 (see Fig. 1). 
Low endosomal pH may also be an important factor 
in triggering capsid uncoating. This is best illustrated 
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Fig. : 2. I Entry and uncoating of influenza virus. The viral envelope has three integral membrane proteins: hemagglutinin (HA), neur- 
ammlaase (NA) and M2 (see inset). The eight viral ribonucleoproteins (vRNPs) form the capsid, together with the Ml protein. The 
virus binds to sialic-acid-containing cell-surface receptors and is internalized by receptor-mediated endocytosis (step 1)4g. In the 
endosome, the M2 protein, an acid-activated cation channel, is thought to allow acidification of the capsid, thus priming it for 
uncoating (step 2)30. Low endosomal pH triggers a conformational change in HA that leads to fusion of the viral and endosomal 
membranes (step 3)50. The RNPs are released into the cytoplasm dissociated from Ml, and quantitatively imported into the 
nucleus across the pore complexes (step 4)27. The Ml protein enters the nucleus independently of the RNPs, and probably shuttles 
between the nucleoplasm and the cytoplasm (step 5). 
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by influenza viruses (Fig. 2). The current hypothesis, 
largely based on indirect data, suggests that low pH is 
not only responsible for the hemagglutinin-mediated 
membrane fusion reaction, but also for the disassembly 
of the capsid 2,27. A key player here is the M2 protein, 
which forms proton channels in the viral membrane28-30. 
The protons entering through these channels are 
thought to acidify the capsid and dissociate some of 
the interactions that hold it together. When fusion 
occurs, the eight ribonucleoproteins of influenza virus 
are released individually into the cytosol, free of other 
viral components, such as the previously tightly bound 
matrix protein Ml. In the Ml-free form, the ribo- 
nucleoproteins can enter the nucleus for replication27,31. 
Amantadine, a prophylactic drug against influenza A, 
blocks the M2 channel in susceptible virus strains28-30. 
It thus prevents the disassembly of the viral capsids and 
blocks their transport into the nucleus27,32. Amantadine 
is one of the first antiviral drugs available that act by 
preventing the uncoating process. 
A similar principle of low-pH-activated uncoating 
has been suggested recently for Semliki Forest virus, 
an alpha(toga)virus. This model proposes that endo- 
somal protons penetrate into the capsid via nonspecific 
pores formed by the spike glycoproteins33. However, 
since acid treatment of viruses does not result in any 
detectable conformational change in the nucleocap- 
sids as visualized by X-ray solution scattering34, and 
nucleocapsids isolated without exposure to low pH 
are infectious when microinjected into cells35, we do 
not think that this model is likely to be correct. The 
weight of evidence favors an alternative mechanism 
of uncoating, which we discuss below. 
Uncoating in the cytosol 
For most viruses, the uncoating of capsids takes place 
in the cytosol. This is true not only for viruses that 
replicate in the cytosol, such as rhabdoviruses, para- 
myxoviruses, togaviruses and poxviruses, but also for 
many that replicate in the nucleus. Influenza, adeno- 
viruses and herpesviruses belong to the latter category. 
They must uncoat in the cytosol because their capsids 
are too big to pass through the nuclear pores, which 
have a functional maximum diameter of about 28 nm 
(Ref. 36). Furthermore, influenza virus has a segmented 
genome, which is probably necessary for effective 
nuclear import. Other viruses, such as oncogenic retro- 
viruses, that have not evolved mechanisms for pass- 
age through the nuclear pores, have to wait for tem- 
porary nuclear envelope breakdown during mitosis 
to integrate their genome into the host chromosome 
and become replication competent3’. This effectively 
restricts the tropism of most retroviruses to dividing 
cells. 
The best-characterized example of a cytosolic 
uncoating process is provided by Semliki Forest virus 
and Sindbis virus, two closely related alphaviruses 
(for reviews, see Refs 3,38). Like influenza virus, they 
take advantage of low pH as a signal to fuse with 
endosomal membranes and release their capsids into 
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the cytosol. In vivo and in vitro 
studies have shown that they rely on 
an efficient uncoating factor present 
in the cytosol for uncoating’,39. 
Within l-2 min of entering the 
cytosol, the majority of capsid pro- 
teins have been removed from the 
capsids. They are bound to the 28s 
RNA of the large ribosomal subunit 
in a stoichiometric fashion. The 
process of capsid protein transfer to 
ribosomes is necessary and sufficient 
to uncoat the viral RNA39. The RNA 
remains bound to the cytosolic sur- 
face of the endosomal membrane, 
where subsequent translation, tran- 
scription and replication occur. 
Adenovirus undergoes most of its 
uncoating in the cytosol. As discussed 
above, its stepwise dissociation starts 
on the cell surface or in early endo- 
somes, and continues after acid- 
activated penetration into the cyto- 
plasms. When they enter the cytosol, 
adenovirus 2 particles are still rela- 
tively intact, containing DNA, hexons 
and most of the proteins that stabil- 
ize the capsomer structure. Many of 
these proteins are eliminated, either by proteolysis or 
dissociation, resulting in a stripped-down virus par- 
ticle that associates with the nuclear pore complex 
(Figs 1 and 3) 8,40. It releases its DNA through the aque- 
ous channel of the pore complex into the nucleoplasm, 
and the remaining empty capsid then disassembles. 
flg. 3. incoming adenovirus 2 particles bind to the cytoplasmic face of the nuclear pore 
complex. KB cells were infected with adenovirus 2 (dense structures) at a multiplicity of about 
10000 plaque-forming units per cell for 60 min, fixed, embedded in Epon and processed for 
thin-section electron microscopy. Bar = 200nm. 
data on early virus-cell interactions is difficult, because 
signals are often low and not every cell-associated 
particle in a population is necessarily following the 
infectious pathway. It is increasingly clear, however, 
that virus entry, penetration and uncoating are 
efficient processes amenable to biochemical analysis 
(for examples, see Refs 8,31,39,46,47). Depending 
on the complexity of the virus and its intracellular 
targeting, viruses seem to have evolved rigorous entry 
and uncoating programs, in which each step is not 
only efficient, but also tightly regulated by signals 
received from the cell. 
Proteolysis as a factor durlng uncoating 
Although most of the structural proteins of incoming 
viruses eventually get degraded, the proteolysis of 
major capsid proteins is usually too slow to explain un- 
coating 8,31,39. Limited proteolysis of specific viral com- 
ponents may, however, play a central role. Such pro- 
teolysis has been implicated as an important uncoating 
step in the entry to cells of reovirus41,42. Cleavage of 
the external ~1 protein generates the first inter- 
mediate, a subviral particle, which can penetrate the 
cell. Cleavage exposes amphipathic a helices that can 
interact with the endosomal membrane, in a mechan- 
ism similar to the acid-induced fusion reaction of 
enveloped viruses 41,43,44. Further proteolysis and pen- 
etration into the cytosol give rise to the second uncoat- 
ing intermediate, in which the RNA is uncoated and 
transcriptionally active’. 
Selective proteolysis may also be important during 
the uncoating of vaccinia virus. A virus-encoded 
uncoating factor, acting in the cytoplasm after virus 
fusion with the plasma membrane, has been shown 
to possess a trypsin-like protease activity45. 
Perspectives 
After almost three decades of morphological and bio- 
chemical studies on virus entry, the mechanisms of un- 
coating are just starting to be explored. Interpreting 
The analysis of virus uncoating requires the inte- 
gration of virological approaches with methods from 
structural and cell biology. Important insights come 
from the determination of virus structure and com- 
position, analysis of the assembly process, identifi- 
cation of functional surface receptors, elucidation of 
the entry pathway, morphological and immunocyto- 
chemical localization of viral components, and from 
studies using inhibitors and mutants. As a virtually 
unexplored area in molecular and cellular virology, 
uncoating will, no doubt, become a more central re- 
search topic in future years. The capacity to uncoat will 
probably prove to be an important determinant for cell 
tropism and pathogenicity of viruses, as well as an 
important issue in the development of safer and more 
efficient recombinant virus vectors for gene therapy. 
Acknowledgements 
We thank Paul Webster for providing Fig. 3 and Helena Hoover-Litty 
and Beate Sodeik for discussions and comments on the manuscript. 
This work was supported by the National Institutes of Health (A.H.) 
and by the Cystic Fibrosis Foundation (U.F.G.). 
REVIEWS 
References 
1 Wengler, G. (1987) Arch. Viral. 94,1-14 
2 Helenius, A. (1992) Cell 69,577-578 
3 Singh, I. and Helenius, A. (1992) Semin. Viral. 3,511-518 
4 Diana, G.D. et al. (1989) Pharmacol. Ther. 42,289-330 
5 White, J.M. (1993) Curr. Biol. 3, 596-599 
6 Rueckert, R.R. (1990) in Picornaviridae and their Replication 
(Vol. 1) (Knipe, D.M. and Fields, B.N., eds), pp. 507-548, 
Raven Press 
7 Giranda, V.L. et al. (1992) Proc. Nut! Acad. Sci. USA 89, 
10213-10217 
8 Greber, U.F. et al. (1993) Cell 75,477-486 
9 Dryden, K.A. et al. (1993) J. Cell Biol. 122, 1023-1041 
10 Hoover-Litty, H. and Greve, J.M. (1993) J. Viral. 67,390-397 
11 White, J. and Litman, D.R. (1989) Cell 56, 725-728 
12 McKinlay, M.A., Pevear, D.C. and Rossmann, M.G. (1992) 
Annu. Rev. Microbial. 46, 635-654 
13 Olson, N.H. et al. (1993) Proc. Natl Acad. Sci. USA 90,507-511 
14 Moscufo, N. et al. (1993) J. Viral. 67,5075-5078 
15 Fricks, C.E. and Hogle, J.M. (1990) J. Viral. 64, 1934-1945 
16 Rossmann, M.G. (1989) J. Biol. Chem. 264,14587-14590 
17 Lonberg-Holm, K., Gosser, L.B. and Kauer, J.C. (1975) J. Gen. 
Viral. 27,329-345 
18 Kaplan, G., Freistadt, MS. and Racaniello, V.R. (1990) J. Viral. 
64,4697-4702 
19 Philipson, L., Lonberg-Helm, K. and Pettersson, U. (1968) 
J. Viral. 2,1064-1075 
20 Wickham, T.J. et al. (1993) Cell 73,309-329 
21 Meyer, W.J. et al. (1992) J. Viral. 66,3504-3513 
22 Vaishnav, Y.N. and Wong-Staal, F. (1991) Annu. Rev. Biochem. 
60,577-630 
23 White, J., Kielian, M. and Helenius, A. (1983) Q. Rev. Biophys. 
16,151-195 
24 Sturzenbecker, L.J. et al. (1987) J. Viral. 61,2351-2361 
25 Pastan, 1. et al. (1986) in Adenovirus Entry into Cells: Some New 
Observations on an Old Problem (Vol. 2)-(Notkins, A.L. and 
Oldstone, M.B.A., eds), pp. 141-146, Springer-Verlag 
26 Stewart, P.L., Fuller, SD. and Burnett, R.M. (1993) EMBO J. 
12,2589-2599 
27 Martin, K. and Helenius, A. (1991) Cell 67, 117-130 
28 Wang, C. et al. (1993) J. Viral. 67,5585-5594 
29 Sugrue, R.J. and Hay, A.J. (1991) Virology 180,617-624 
30 Pinto, L.H., Holsinger, L.J. and Lamb, R.A. (1992) Cell 69, 
517-528 
31 Martin, K. and Helenius, A. (1990) J. Viral. 65,232-244 
32 Bukrinskaya, A.G. et al. (1982) 1. Gen. Viral. 60,49-59 
33 Lanzrein, M., Weingart, R. and Kempf, C. (1993) Virology 193, 
296-302 
34 Stubbs, M.J. et al. (1991) J. Mol. Biol. 221,39-42 
35 Peranen, J. and Kaariainen, L. (1991) J. Virol. 65,1623-1627 
36 Dworetzky, S.I., Lanford, R.E. and Feldherr, CM. (1988)J. Cell 
Biol. 107,1279-1287 
37 Weiss, R. et al., eds (1984) RNA Tumor Viruses: Molecular 
Biology of Tumor Viruses, Cold Spring Harbor Laboratory Press 
38 Wengler, G., Wurkner, D. and Wengler, G. (1992) Virology 193, 
880-888 
39 Singh, I. and Helenius, A. (1992) J. Viral. 66,7049-7058 
40 Dales, S. (1973) Bacterial. Rev. 37, 103-135 
41 Nibert, M.L. and Fields, B.N. (1992)J. Viral. 66,6408-6411 
42 Nibert, M.L., Furlong, D.B. and Fields, B.N. (1991) I. Clin. 
Invest. 88, 727-733 
43 Lucia-Jandris, P., Hooper, J.W. and Fields, B.N. (1993) 1. Virol. 
67,5339-5345 
44 White, J.M. (1990) Annu. Rev. Physiol. 52,675-697 
45 Pedley, C.B. and Cooper, R.J. (1987)J. Gen. Viral. 68,1021-1028 
46 Lyon, M., Chardonnet, Y. and Dales, S. (1978) Virology 87, 
81-88 
47 Helenius, A., Marsh, M. and White, J. (1982) J. Gen. Virol. 58, 
47-61 
48 Varga, M.J., Weibull, C. and Everitt, E. (1991) J. Viral. 6.5, 
6061-6070 
49 Mathn, KS. et al. (1982) 1. Cell Biol. 91. 601-613 
50 White,J., Kartenbeck, J.‘and Helenius, A. (1982) EMBO J. 
1,217-222 
In the next issue of Trends in Microbiology In the other Trends journals 
??Clostridial neurotoxins in the age of molecular 
medicine, by J.A. Coffield, R.V. Considine and L.L. 
Simpson 
A selection of recently published articles of interest to 
TIM readers. 
??Structural basis of endotoxin recognition by natural 
polypeptides, by M. Porro 
??Virus strategies for evasion of the host response to 
infection, by G.L. Smith 
??Phylogenetics of cytoplasmically inherited micro- 
organisms of arthropods, by N. Morm and P. 
Baumann - Trends in Ecology and Evolution 9, 15-20 
?? Molecular biology of prion diseases, by C. Weissmann 
- Trends in Cell Biology 4, lo-14 
??Progress in TB research: Robert Koch’s dilemma 
revisited [meeting report], by S. Ehlers, M.E.A. Mielke 
and H. Hahn - Immunology Today 15,1-4 
??Genetic patterns of plant host-parasite interactions, 
by S.P. Briggs and G.S. Johal - Trends in Genetics 
10,12-16 . 
?? Dicing with death: dissecting the components of 
the apoptosis machinery, by S.J. Martin, D.R. Green 
and T.G. Cotter - Trends in Biochemical Sciences 
19,26-30 
Concepts of virulence 
?? Evolution of virulence, by A.F. Read 
??Short-sighted evolution and the virulence of 
pathogenic microbes, by B.R. Levin and J.J. Bull 
Chlamydia 
??Repeated and persistent infection with Chlamydia 
and the development of chronic inflammation 
and disease, by W.L. Beatty, G.I. Byrne and R.P. 
Morrison 
* Molecular mimicry and Chlamydia trachomatis 
infection of eukaryotic cells, by R.S. Stephens 
?? Recurrent cutaneous leishmaniasis: a role for 
persistent parasites? by T. Aebischer - Parasitology 
Today 10,25-28 
